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(57) Abstract 

A system for controlling 
exhaust gas recirculation flpw 
rates and power augmentation 
of a turbocharged internal 
combustion engine (20) 
operating on diesel fuel or other 
fuels. Exhaust gas from the 
engine's exhaust manifold (30) 
is used to drive the turbocharger 
(24). Exhaust gas exiting from 
the turbocharger (24) is directed 
through a filter trap (44). A first 
portion of the exhaust gas exiting 
the filter trap flows through 
an exhaust gas recirculation 
cooler (152) to provide a 
first input to an electronically 
controlled diverter valve (138). 
A mixed output of intake air 
and recirculated exhaust gas is 
directed from the diverter valve 
(138) to an electrically driven 
compressor (82) and then to the 
intake manifold (34) of the diesel 
engine (20). The combination 
of the electronically controlled 
diverter valve (138) and the 




EXHAUST 
CAS 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania - 


ES 
FI 


AM 


Armenia 


AT 


Austria 


FR 


AU 


Australia 


GA 


AZ 


Azerbaijan 


GB 


BA 


Bosnia and Herzegovina 


GE 


BB 


Barbados 


GH 


BE 


Belgium 


GN 


BF 


Burkina Faso 


GR 


BG 


Bulgaria 


HU 


BJ 


Benin 


IE 


BR 


Brazil 


IL 


BY 


Belarus 


IS 


CA 


Canada 


IT 


CF 


Central African Republic 


JP 


CG 


Congo 


KE 


CH 


Switzerland 


KG 


CI 


Cdte d'lvoire 


KP 


CM 


Cameroon 




CN 


China 


KR 


CU 


Cuba 


KZ 


CZ 


Czech Republic 


LC 


DE 


Germany 


U 


DK 


Denmark 


LK 


EE 


Estonia 


LR 



Spain 
Finland 
France 
Gabon 

United Kingdom 

Georgia 

Ghana 

Guinea 

Greece 

Hungary 

Ireland 

brae] 

Iceland 

Italy 

Japan 

Kenya 

Kyrgyzatan 

Democratic People's 

Republic of Korea 

Republic of Korea 

Kazakstan 

Saint Lucia 

Liechtenstein 

Sri Lanka 

Liberia 



LS Lesotho 

LT Lithuania 

LU Luxembourg 

LV Latvia 

MC Monaco 

MD Republic of Moldova 

MG Madagascar 

MK The former Yugoslav 

Republic of Macedonia 

ML Mall 

MN Mongolia 

MR Mauritania 

MW Malawi 

MX Mexico 

NE Niger 

NL Netherlands 

NO Norway 

NZ New Zealand 

PL Poland 

PT Portugal 

RO Romania 

RU Russian Federation 

SD Sudan 
SE Sweden 
SG Singapore 



SI 


Slovenia 


SK 


Slovakia 


SN 


Senegal 


SZ 


Swaziland 


TD 


Chad 


TG 


Togo 


TJ 


Tajikistan 


TM 


Turkmenistan 


TR 


Turkey 


TT 


Trinidad and Tobago 


UA 


Ukraine 


UG 


Uganda 


US 


United States of America 


UZ 


Uzbekistan 


VN 


Viet Nam 


YU 


Yugoslavia 


zw 


Zimbabwe 



WO 98/55759 



PCT/US98/11672 



1 



METHOD AND APPARATUS FOR EXHAUST 
GAS RECIRCULATION CONTROL AND POWER 
AUGMENTATION IN AN INTERNAL COMBUSTION ENGINE 



TECHNICAL FIELD OF THE INVENTION 

This invention relates generally to apparatus and 
methods for recirculation of exhaust gas in an internal 
combustion engine. More particularly, but not by way of 
limitation, this invention relates to using an 
electronically controlled diverter valve and an 
electrically driven compressor in combination with exhaust 
gas recirculation to reduce undesirable gas. and particulate 
emissions from an internal combustion engine such as a 
diesel engine . 

BACKGROUND OF THE INVENTION 

Proposed federal and state regulations on controlling 
emissions from internal combustion engines generally call 
for reductions in nitrogen oxide (N0 X ) while keeping 
particulate emissions at or below current levels. 
Representatives of the diesel engine industry and 
regulatory agencies previously signed a Statement Of 
Principles which calls for N0 X emissions of 2 . 5 grams per 
brake hose power-hour (g/bhp-hr) or less and particulate 
matter emissions of 0.10 g/bhp-hr or less by the year 2004. 
The U.S. Environmental Protection Agency (EPA) has proposed 
new regulations based on the Statement of Principles, The 
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EPA issued a notice of proposed rule making entitled 
Control of Emissions of Air Pollution from Highway Heavy- 
duty Engines (61 F.R. 33421, June 27, 1996) with proposed 
changes to 40 C.F.R. Part 86. 

In the past significant progress has been achieved in 
reducing diesel engine emissions by various changes in 
engine design and fuel system design. Fuel improvements 
and exhaust after treatment techniques have also been used 
to meet the challenge of lower allowable levels of engine 
exhaust emissions. At the same time, customers are 
demanding greater fuel efficiency and extended engine life 
with less maintenance requirements. As a result, several 
difficult design tradeoffs must often be made to meet these 
sometimes conflicting goals. For example reducing NO x 
emission from a diesel engine by retarding injection timing 
may have a negative impact upon fuel economy. Also, design 
changes made to reduce particulate emissions may increase 
NO x emissions and vice versa. The task of maintaining good 
fuel economy is especially difficult with the need to 
control NO x and particulate emissions at the new, proposed 
relatively low levels in comparison with prior acceptable 
standards. A paper entitled Progress in Diesel Engine 
Emissions Control by Magdi K. Khair was presented at the 
ASME Energy-Sources Technology Conference and Exhibition 
during January 1992 in Houston and provided a summary of 
previous changes made to improve performance while reducing 
emissions from diesel engines. 

Two technologies, when combined, hold promise in 
helping heavy-duty diesel engine designers meet the future 
EPA emission regulations. Exhaust gas recirculation (EGR) , 
a technology used for some time in light-duty diesel 
engines, has been effective in reducing N0 X emissions to 
levels approaching those proposed by the new regulation. 
Exhaust gas recirculation reduces NO x in diesel engines by 
diluting the oxygen induced with the fresh charge air as 
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well as acting as a heat sink in the combustion process. 
A serious consequence of this approach is an increase in 
insoluble particulate matter (primarily soot) . 

Exhaust gas after treatment for diesel engines by 
filter traps have proven to be effective for some 
applications in dealing with insoluble particulate matter. 
Diesel exhaust after treatment has traditionally been 
characterized by high cost and low reliability. Recent 
developments in passively regenerated filter traps using 
fuel additive catalyzing agents have emerged as a lower 
cost alternative to conventional active regeneration filter 
trap systems. 

Several diesel engine manufacturers have experimented 
with EGR and passive filter trap technology and 
successfully reduced N0 X emission to approximately 2.0 
g/bhp-hr or less while obtaining extremely low particulate 
matter emissions. Lab ' demonstrations have shown that these 
two technologies allowed several diesel engines to meet the 
EPA proposed model year 2004 heavy-duty diesel engine 
exhaust emissions standards. 

SUMMARY OF THE INVENTION 

In accordance with teachings, of the present invention, 
methods and apparatus for internal combustion engine 
exhaust gas recirculation control and power augmentation 
are provided to substantially reduce or eliminate 
disadvantages and problems associated with previous exhaust 
gas emission control systems for such engines. 

One aspect of the present invention includes a system 
for exhaust gas recirculation control and power 
augmentation in a turbocharged diesel engine having an 
electronically controlled diverter valve and an 
electrically driven compressor. Exhaust gas from the 
diesel engine's exhaust manifold is preferably used to 
drive a conventional turbocharger. All exhaust gas exiting 
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from the turbocharger is preferably routed through a filter 
trap and then split into two portions. A first portion of 
the filtered exhaust gas flows back through an exhaust gas 
recirculation cooler to provide a first input to the 
electronically controlled diverter valve. A second input 
to the electronically controlled diverter valve is supplied 
directly from an intake air filter. The electronically 
controlled diverter valve provides a mixed output of intake 
air and recirculated exhaust gas which is supplied to the 
inlet of the electrically driven compressor and then 
discharged into the intake manifold of the associated 
diesel engine. The ratio of intake air and recirculated 
exhaust gas in the output from the electronically 
controlled diverter valve may be determined by air flow 
requirements to maintain optimum air/ fuel ratios for 
efficient engine performance and required exhaust gas 
recirculation flow rates to reduce N0 X emissions based on 
current engine operating conditions. The combination of 
the electronically controlled diverter valve and the 
electrically driven compressor controls both exhaust gas 
recirculation rates and intake air augmentation to raise 
smoke limited power output at speeds below the peak torque 
speeds of the associated diesel engine. Above the peak 
torque speed, a standard turbocharger may be used to 
maintain optimum air/fuel" ■ ratios for efficient engine 
performance. The electronically controlled diverter valve 
and the electrically driven compressor will generally only 
be used to maintain low levels of exhaust emission when the 
diesel engine is operating at speeds below the associated 
peak torque speed, and specifically during acceleration 
conditions . 

Technical advantages of the present invention include 
providing an exhaust gas recirculation control and power 
augmentation system wherein all exhaust gas will flow 
through a filter trap prior to recirculating a portion of 
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the exhaust gas which results in reduced engine wear and 
substantially particulate free emissions from the 
associated engine. The exhaust gas recirculation control 
and power augmentation system combines the functions of 
exhaust gas recirculation and conditioning of intake air 
(intake manifold temperature control) along with control of 
engine power augmentation at speeds below the associated 
peak torque speed. The exhaust gas recirculation control 
and power augmentation system overcomes low exhaust gas 
pressure by using an electrically driven compressor to 
supply cool, filtered, -recirculated exhaust gas to the 
intake manifold which is typically at a higher pressure 
than exhaust gas exiting from the associated filter trap. 
An exhaust gas recirculation control and power augmentation 
system incorporating teachings of the present invention 
provides reduced nitrogen oxide (N0 X ) emissions through 
exhaust gas recirculation and reduced particulate emissions 
by preferably using a filter trap to remove carbon 
particles and soot from the exhaust gas. Both continuous 
regeneration filter traps (sometimes referred to as 
"passive filter traps") and periodic regeneration filter 
traps (sometimes referred to as "active filter traps") may 
be satisfactorily used with the present invention. 

Further technical advantages of the present invention 
include providing an exhaust- gas recirculation control and 
power augmentation system for heavy-duty turbocharged 
diesel engines which are particularly effective in reducing 
undesirable gas emissions and particulate (soot) emissions 
at speeds both above and below the associated peak torque 
speed for the diesel engine. The present invention results 
in maintaining good fuel economy while at the same time 
allowing substantial reductions in N0 X emissions and 
particulate matter emissions from the associated diesel 
engine. Combining an electronically controlled diverter 
valve with an electrically driven compressor in accordance 
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with teachings of the present invention allows the use of 
exhaust gas recirculation to provide optimum air/ fuel 
ratios at low engine speeds to control black smoke as 
increasing loads are placed on the associated diesel 
engine, as well as during acceleration conditions by 
overcoming any lag time in response of an associated 
turbocharger . 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present 
invention and the advantages thereof, reference is now made 
to the following descriptions taken in conjunction with the 
accompanying drawings, in which: 

FIGURE 1 is a schematic drawing showing a block 
diagram of various components associated with a typical 
heavy-duty turbocharged diesel • engine having a high 
pressure loop exhaust gas recirculation system; 

FIGURE 2 is a schematic drawing showing a block 
diagram of various components associated with a typical 
heavy-duty turbocharged diesel engine having a low pressure 
loop exhaust gas recirculation system; 

FIGURE 3 is a graphical representation showing 
performance of a typical mid-range heavy-duty turbocharged 
diesel engine having an exhaust gas recirculation control 
and power augmentation system incorporating teachings of 
the present invention; and 

FIGURE 4 is a schematic drawing showing a block 
diagram of various components associated with a typical 
heavy-duty diesel engine having an exhaust gas 
recirculation control and power augmentation system which 
includes an electrically controlled diverter valve and an 
electrically driven compressor in accordance with teachings 
of the present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

The preferred embodiments of the present invention and 
its advantages are best understood by referring to FIGURES 
1-4 of the drawings, like numerals being used for like and 
corresponding parts of the various drawings. 

FIGURE 1 is a schematic block diagram showing various 
components associated with internal combustion engine 20, 
exhaust gas recirculation (EGR) system 40 and engine 
control module 42. A wide variety of internal combustion 
engines such as shown in U.S. Patents 5,297,515; 5,353,776; 
and 5,499,605 may be satisfactorily used with the present 
invention. Each of these patents is incorporated by 
reference for all purposes in this application. 

For many applications, engine 20 will preferably be a 
heavy-duty turbocharged diesel engine which may frequently 
be operated above and below the peak torque speed for the 
associated diesel engine. For other applications, the 
present invention may be used with a spark ignited 
turbocharged engine and is not limited to use solely with 
diesel engines. For example the present invention may be 
satisfactorily used with turbocharged engines which operate 
with natural gas, gasoline, hydrogen, propane, butane, 
alcohol or any other air/ fuel mixture. 

Exhaust gas recirculation system 40, as shown in 
FIGURE 1, may sometimes be' referred to as a high pressure 
loop (HPL) EGR system. A supply of diesel fuel (not 
expressly shown) is preferably provided for engine 20. An 
air intake system (not expressly shown) provides a supply 
of fresh intake air through filter 22 to compressor 2 6 of 
turbocharger 24. A first portion of the exhaust gas 
exiting from exhaust manifold 30 of engine 20 is also 
supplied to intake manifold 34. A second portion of the 
exhaust gas flows through turbine 28 of turbocharger 24 to 
rotate compressor 26. As a result, intake air exiting from 
compressor 2 6 of turbocharger 24 is compressed and heated. 
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The compressed intake air then flows through intercooler 32 
to intake manifold 34. The pressure within intake manifold 
34 is usually greater than the pressure of exhaust gas 
exiting from turbine 28. Therefore, one end of exhausted 
gas recirculation line 36 is preferably connected between 
exhaust manifold 30 and the input side of turbine 28. The 
other end of exhaust gas recirculation line 36 is 
preferably connected with the cooled compressed air flowing 
out of intercooler 32 prior to intake manifold 34. Exhaust 
gas recirculation line 36 may be referred to as a high 
pressure loop EGR line- since the pressure in exhaust 
manifold 30 and EGR line 3 6 is in many cases higher than 
the pressure in intake manifold 34. Engine control 42 is 
provided to control the position of EGR valve 38 which 
regulates the recirculation flow rate of exhaust gas from 
exhaust manifold 30 to intake manifold 34 based on engine 
operating conditions . 

For some applications, exhaust gas recirculation 
systems having a high pressure loop, such as shown in 
FIGURE 1, have proven successful in reducing NO x emissions 
from heavy-duty diesel engines to less than two grams per 
brake horsepower-hour (2.0 g/bhp-hr) . When initially used, 
such high pressure loop EGR systems often resulted in 
increased fuel consumption and an increase in particulate 
emissions from the associated diesel engine. Therefore, 
exhaust gas exiting from turbine 28 of turbocharger 24 
preferably flows through filter trap 4 4 to reduce such 
particulate emissions. However, diesel engines operating 
with a high pressure loop EGR system generally have a 
higher fuel consumption rate due to reduced performance of 
turbocharger 24 as compared to similar engines operating 
without a high pressure loop EGR system. 

FIGURE 2 shows internal combustion engine 20 having 
exhaust gas recirculation system 140, which. may sometimes 
be referred to as a low pressure loop exhaust gas 
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recirculation (EGR) system. Intake air flows through 
filter 22 to compressor 26 of turbocharger 24 and through 
intercooler 32 to intake manifold 34. Exhaust gas flows 
from exhaust manifold 30 through turbine 28 of turbocharger 
24. Since all exhaust gas flows through turbine 28 of 
turbocharger 24, the performance of turbocharger 24 is 
maintained and the fuel efficiency of the associated diesel 
engine will not deteriorate. 

For many applications, the exhaust gas will then flow 
from turbine 28 to filter trap 144. A portion of the 
exhaust gas exiting from filter trap 144 may then flow 
through exhaust gas recirculation line 136 to exhaust gas 
recirculation valve 38. Back pressure valve 14 6 is 
preferably provided in the outlet from filter trap 144 
downstream from exhaust gas recirculation line 136. For 
some applications,- an optional bypass line 148 may be 
provided to allow exhaust gas to bypass filter trap 144, 
exhaust gas recirculation line 136, and back pressure valve 
14 6. Back pressure valve 150 is also provided in bypass 
line 148 to control the flow of exhaust gas therethrough. 
Engine control 142 is provided to regulate the opening and 
closing of exhaust gas recirculation valve 38, back 
pressure valve 14 6 and back pressure valve 150 depending 
upon the operating conditions of the associated engine 20.. 

The exhaust gas exiting from filter trap 144; is 
generally at a relatively low pressure in comparison with 
the pressure within intake manifold 34. Therefore, exhaust 
gas recirculation line 136 is coupled with the inlet to 
compressor 26 of turbocharger 24. A heated compressed 
mixture of intake air and exhaust gas flows from compressor 
2 6 of turbocharger 24 through intercooler 32 to intake 
manifold 34. 

Exhaust gas recirculation cooler 152 is preferably 
provided between exhaust gas recirculation valve 38 and the 
inlet to compressor 2 6 to reduce the temperature of the 
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exhaust gas entering compressor 26. For the embodiment 
shown in FIGURE 2, exhaust gas recirculation cooler 152 
receives cooling water from the water cooling system 
associated with engine 20 and may sometimes be referred to 
as a "jacket water cooler." Coolant supply line 154 is 
preferably provided to direct cooling water from engine 20 
to exhaust gas recirculation cooler 152. Coolant return 
line 156 is provided to return cooling water from exhaust 
gas recirculation cooler 152 to engine 20. 

For some applications, exhaust gas recirculation 
cooler 152 may use cooling air to reduce the temperature of 
exhaust gas flowing through the associated EGR cooler. 
U.S. Patent 4,885,911 entitled Internal Combustion Engine 
Turbo System and Method discloses one type of air cooling 
system which may be satisfactorily used to reduce the 
temperature of recirculated exhaust gas. The present 
invention is not limited to use with only EGR coolers 
having a liquid such as water and/or antifreeze flowing 
therethrough. 

During most operating conditions associated with 
engine 20, the difference in pressure between the outlet of 
filter trap 144 and the inlet to compressor 2 6 of 
turbocharger 24 will be adequate for sufficient exhaust gas 
recirculation flow rates to reduce NO x emissions to levels 
of two grams per brake horsepower-hour (2.0 g/bhp-hr) .or 

less. 

Low pressure loop exhaust gas recirculation system 
140, as shown in FIGURE 2, will typically result in lower 
fuel consumption as a result of better turbocharger 
performance in comparison with a high pressure loop exhaust 
gas recirculation system 40 of FIGURE 1. Since filter trap 
144 will typically remove more than ninety percent . (90%) of 
particulate contamination from the exhaust gas before 
entering low pressure loop EGR line 136, component wear in 
engine 20 is reduced and engine life increased over 
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corresponding high pressure loop EGR. Exhaust gas exiting 
from filter trap 144 and entering exhaust gas recirculation 
line 13 6 is generally cooler than exhaust gas exiting from 
upstream of turbine 28 of turbocharger 24 in exhaust gas 
recirculation system 40. Therefore, a low pressure loop 
exhaust gas recirculation system, such as shown in FIGURE 
2, generally has a higher heat absorbing capacity as 
compared with a high pressure loop exhaust gas 
recirculation system shown in FIGURE 1. Also, exhaust gas 
cooler 152 may be substantially reduced in size to provide 
a more compact unit. Reducing the amount of exhaust gas 
recirculation cooling may also help to prevent exhaust gas 
condensation and potential erosion within compressor 26 of 
turbocharger 24. Combining both intake air and 

recirculated exhaust gas within compressor 2 6 of 
•turbocharger 24 results in better mixing of the combined 
intake air/recirculated exhaust gas within intake manifold 
34 . 

A low pressure loop exhaust gas recirculation system, 
such as shown in FIGURE 2, also has some disadvantages. 
For some applications, the exhaust gas pressure present at 
the outlet from filter trap 144 may not be high enough to 
provide sufficient exhaust gas recirculation flow rates to 
significantly reduce NO x 'emissions. Therefore, back 
pressure valve 14 6 may be 'required to develop sufficient 
differential pressure' across exhaust gas recirculation 
valve 138 to provide required exhaust gas flow rates from 
filter trap 144 to the inlet of compressor 26. 

The efficiency of turbocharger 24 is generally reduced 
due to the higher temperature of recirculated exhaust, gas 
at the inlet to compressor 26. A low pressure loop exhaust 
gas recirculation system, as shown in FIGURE 2, may require 
additional components such as one or more back pressure 
valves, an exhaust gas recirculation cooler and more 
extensive piping or ducting as compared to a high pressure 
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loop exhaust gas recirculation system. These additional 
components further complicate assembly and maintenance of 
engine 20. 

FIGURE 3 is a graphical representation of operating 
characteristics for a typical medium range heavy-duty 
turbocharged diesel engine having an exhaust gas 
recirculation control and power augmentation system 
incorporating teachings of the present invention. Line 60 
corresponds with the full load torque that may be produced 
by the typical medium range heavy-duty turbocharged diesel 
engine at various engine speeds. For this example, the peak 
torque load occurs at a speed of approximately 1450 
revolutions per minute (RPM) and is indicated as peak 
torque speed line 62. 

When a diesel engine operates at speeds below its 
associated peak torque speed and with an open throttle to 
accommodate a heavy load, excessive amounts of smoke will 
frequently be emitted in the exhaust gas. Low rotational 
speed of the associated turbocharger will generally not 
provide the intake manifold with sufficient boost pressure 
required for good free smoke combustion of the diesel fuel. 
Line segment 60A indicates the output limit of a typical 
turbocharged diesel engine when no limits are imposed on 
the fuel rate to reduce smoke emissions. 

Various control devices such as "puff limiters'", 
aneroids and/or other boost control devices have frequently 
been added to turbocharged diesel engines to reduce fuel 
rates at speeds below the peak torque speed, and therefore, 
limit smoke emissions by limiting the output of the 
associated diesel engine. Line segment 60B is 

representative of the smoke limited output of a medium 
range heavy-duty turbocharged diesel engine. Heavy exhaust 
smoke emissions are typically observed when a diesel engine 
operates between line segments 60A and 60B. 
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Diesel engines operating at low speeds and with little 
or no engine load generally operate very satisfactorily 
with relatively high exhaust gas recirculation flow rates 
because the air/fuel ratio under these operating conditions 
is very high (75:1 or greater), A diesel engine operating 
at its associated peak torque speed may have an air/fuel 
ratio of approximately 25:1. At rated speed, full load 
engine conditions, a typical air/fuel ratio for a medium 
range heavy-duty diesel engine is approximately 30:1. 
Therefore, the volume or flow rate of recirculated exhaust 
gas is generally decreased as engine operating conditions 
approach these limits to avoid formation of smoke in the 
exhaust gas emissions from the associated engine. 

Line 64 represents the typical effective limit for 
exhaust gas recirculation to reduce NO x emissions without 
increasing smoke emissions from unburned fuel. The shaded 
area below EGR effective limit line 64 is generally 
proportional to the exhaust gas recirculation flow rate 
required for significant reduction of N0 X emissions. Darker 
portion 64a represents increased EGR flow rates associated 
with low engine load or low torque operation of the 
associated diesel engine. Medium dark portion 64b 
indicates reduced EGR flowrates as engine torque increases. 
Light portion 64c represents further reduced EGR flowrates 
as engine torque approaches EGR effective limit line '64. 
For a typical diesel engine, the exhaust gas recirculation 
rate will increase to maintain low No x emission as the load 
or torque placed on the engine decreases. 

Exhaust gas recirculation control and power 
augmentation system 80 incorporating teachings of the 
present invention is shown in FIGURE 4. Various components 
of exhaust gas recirculation system 40 and 140 are also 
included in exhaust gas recirculation control and power 
augmentation system 80. All ducting and piping associated 
with exhaust gas recirculation control and power 
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augmentation system 80 is preferably sized and routed to 
avoid excessive bends and joints. EGR control and power 
augmentation system 80 is preferably designed to minimize 
any potential exhaust gas leaks under a variety of extreme 
engine operating conditions. Exhaust gas preferably flows 
from diesel engine 20 through exhaust manifold 30 to 
turbine 28 of turbocharger 24. All exhaust gas exiting 
from turbine 28 is preferably directed through filter trap 
44 to eliminate or substantially reduce particulate matter. 
For some applications, filter trap 44 may periodically 
incinerate particulate -matter in a diesel particulate 
filter system. Such periodic or active regeneration filter 
traps may include electrical heaters or an igniter and a 
supply of air to intermittently burn carbon removed from 
the exhaust gas. 

For other applications, filter trap 44 may be 
passively regenerated by processes such as continuous 
catalytic oxidation of particulate matter through the use 
of organometallic compounds which are added to the fuel to 
reduce the ignition temperature of carbon removed from the 
exhaust gas. A wide variety of passive and active filter 
traps associated with diesel engine exhaust after treatment 
are commercially available and may be satisfactorily used 
with the present invention. Catalytic converters may be 
satisfactorily used when the present invention is combined 
with engines that operate on various types of fuels, other 
than diesel, which do not produce soot. 

A first portion of the exhaust gas exiting from filter 
trap 44 will then flow through exhaust gas recirculation 
line 136 and EGR cooler 152 to electronically controlled 
diverter valve 138. Reducing the temperature of 
recirculated exhaust gas passing through EGR cooler 152 
increases the density of exhaust gas and therefore density 
of the intake air/exhaust gas mixture supplied to intake 
manifold 34 to improve specific power output of engine 20 
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and maximize the effectiveness of exhaust gas recirculation 
to reduce NO x emissions . 

Intake air from inlet filter 22 is directed to 
compressor 26 of turbocharger 24 through first air flowline 
46. Intake air from inlet filter 22 is also directed to 
electronically controlled diverter valve 138 through second 
air flowline 48. Electronically controlled diverter valve 
138 receives both cool, filtered recirculated exhaust gas 
from EGR cooler 152 and fresh intake air from filter 22. 
The ratio of recirculated exhaust gas and fresh intake air 
exiting from electronically controlled diverter valve 138 
may be determined by an appropriate NO x reduction algorithm 
based on the required exhaust gas recirculation rate needed 
to produce the desired level of N0 X emissions for a given 
set of engine operating conditions. Outlet 50 of 
electronically controlled diverter valve 138 is coupled 
with the inlet to electrically driven compressor 82. 
Electronically controlled diverter valves satisfactory for 
use with the present invention can be made from existing 
exhaust gas recirculation (EGR) valves such as EGR valves 
associated with Caterpillar "Low Emission 3208 Engine with 
Exhaust Gas Recirculation." 

When diesel engine 20 is operating at speeds below 
peak torque speed 62 while the load on diesel engine 20 
increases, electronically controlled diverter valve 138 
will gradually reduce the flow rate of recirculated exhaust 
gas and increase the proportion of intake air exiting from 
diverter valve 138. At full load conditions represented by 
maximum torque line 60B, essentially 100% intake air is 
supplied to electrically driven compressor 82 from 
electronically controlled diverter valve 138. Under full 
load operating conditions represented by line segment 60B, 
electrically driven compressor 82 functions in its power 
augmentation mode by supply intake air which reduces 
excessive smoke and provides better fuel consumption 
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efficiency for engine 20. Thus, the combination of 
electronically controlled diverter valve 138 and 
electrically driven compressor 82 can control both the 
exhaust gas recirculation flow rate and smoke limited power 
output at speeds below peak torque speed 62. 

When diesel engine 20 operates above peak torque speed 
62, turbocharger 24 is generally able to provide sufficient 
quantities of intake air to substantially reduce or 
eliminate any smoke in the exhaust gas. Therefore, when 
diesel engine 20, operates at speeds above peak torque speed 
62, electronically controlled diverter valve 138 will 
generally only supply recirculated exhaust gas to 
electrically driven compressor 82 to reduce N0 X emissions 
when the load on diesel engine 20 is below line 64. 

Check valves 108 and 110 are preferably arranged to 
control the flow of intake air and recirculated exhaust gas 
into intake manifold 34 to prevent backflow through either 
turbocharger 24 or electrically driven compressor 82. When 
engine 20 operates at speeds below peak torque speed 62, a 
mixture of intake air and recirculated exhaust gas are 
supplied through diverter valve 138, electrically driven 
compressor 82, and check valve 108 to intake manifold 34. 
When diesel engine 20 operates at load conditions above 
line 64 and speeds above peak torque speed 62, generally 
all of the required, intake air is supplied from compressor 
26 of turbocharger 24 through check valve 110 to intake 
manifold 34. 

Electrically driven compressor 82 is attached by shaft 
8 4 to electrical motor 86. For. some applications, 
electrically driven compressor 82 and compressor 2 6 of 
turbocharger 24 may have a similar configuration. When the 
speed of diesel engine 20 accelerates or when diesel engine 
20 is operating at low engine speeds, electronic control 
module 88 will provide an electrical signal to increase the 
speed of electrical motor 86. The rotational speed of 
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compressor 82 will increase and provide additional boost 
pressure to intake manifold 34. Electronic control module 
8 8 will also send a signal to direct more intake air from 
filter 22 through electronically controlled diverter valve 
138 to electrically driven compressor 82. As a result/ the 
performance of diesel engine 20 will substantially improve 
during acceleration from low speed conditions and during 
low speed high power output conditions. As the speed of 
diesel engine 20 increases, especially above peak torque 
speed 62, turbocharger 24 will develop a relatively high 
boost pressure which overcomes the outlet pressure from 
electrically driven compressor 82. 

Generally electrically driven compressor 82 will 
function as a power augmentation device only at low speeds 
below peak torque speed. At speeds above peak torque speed 
the efficiency and output from turbocharger * 24 provides 
sufficient intake air flow to manifold 34. Electronically 
controlled diverter valve 138 and electrically driven 
compressor 82 cooperate with each other to supply 
recirculated exhaust gas to intake manifold 34 whenever 
diesel engine 20 is operating at low load conditions below 
exhaust gas rate recirculation line 64 as shown in FIGURE 
3. Various types of electrically driven compressors may be 
satisfactorily used with the present invention. 

Turbodyne Systems, inc. with offices located • in 
Vancouver, British Columbia- and Carpinteria, California 
offers an electronic deimand charger (EDO which 
incorporates an electrical motor with a compressor to 
provide increased air flow at low engine operating speeds. 
U.S. Patent 5,605,045 entitled Turbocharging System With 
Integral Assisting Electric Motor and Cooling System 
Therefor provides one example of an electrically driven 
compressor. U.S. Patent 5,560,208 entitled Motor-Assisted 
Variable Geometry Turbocharging System provides another 
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example of a turbocharger having an electrical motor as a 
part thereof • Both of these patents are incorporated by 
reference for all purposes in this application. 

When diesel engine 20 is operating at low speeds and 
full engine load conditions such as when diesel engine 20 
is accelerating from a low speed condition, electrical 
motor 8 6 will rotate compressor 82 to provide additional 
intake air from filter 22 through electronic control 
diverter valve 138, electrically driven compressor 82 and 
check valve 108 to intake manifold 34. Thus, reducing 
smoke emissions during acceleration of engine 20 from low 
speed no load to high speed, high load conditions or during 
low speed heavy load conditions. 

When diesel engine 20 operates below peak torque speed 
62 electronically controlled diverter valve 138 and 
electrically driven compressor 82 cooperate with each other 
to provide exhaust gas recirculation control and to provide 
power augmentation for diesel engine 20. When diesel 
engine 20 operates at speeds above peak torque speed 62, 
electronically controlled diverter valve 138 and 
electrically driven compressor 82 function primarily to 
control exhaust gas recirculation flow rates to reduce NO x 
concentration levels. 

The teachings of " the present invention may be 
incorporated as part of a 'wide variety of engine control 
modules or systems such as shown in U.S. Patent 5,524,599 
entitled Fuzzy Logic Air/Fuel Controller; U.S. Patents 
5,284,116; 5,123,397; and 4,945,870, all entitled Vehicle 
Management Computer. Electronic control module 8 8 

preferably includes at least one processor for calculating 
air/fuel ratios and intake air/exhaust gas recirculation 
ratios in accordance with teachings of the present 
invention. Electronic control module 88 may also include 
at least one storage means having desired engine operating 
parameters such as desired air/fuel ratios, exhaust gas 
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recirculation flow rates, and allowable N0 X emission rates, 
corresponding with various engine operating conditions such 
as engine speed and torque load. 

Although the present invention has been described in 
great detail, it should be understood that various changes, 
substitutions and alterations can be made hereto without 
departing from the spirit and scope of the invention as 
defined by the appended claims. 
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WHAT IS CLAIMED IS: 

1. An exhaust gas recirculation control and power 
augmentation system for an internal combustion engine 
having an intake manifold and an exhaust manifold 
comprising: 

a turbocharger having a compressor for supplying 
intake air to the intake manifold and a turbine which 
receives exhaust gas from the exhaust gas manifold to 
operate the compressor; 

the turbine having an outlet coupled with a filter 
trap whereby exhaust gas exiting from the turbine will flow 
through the filter trap to substantially reduce particulate 
matter in the exhaust gas; 

an exhaust gas recirculation line extending from the 
outlet of the filter trap to an electronically controlled 

diverter valve; 

an intake air system having a first air flowline to 
supply intake air to the compressor of the turbocharger and 
a second air flowline to supply intake air to the 
electronically controlled diverter valve; 

the electronically controlled diverter valve having a 
first inlet to receive recirculated exhaust gas from the 
exhaust gas recirculation line and a second inlet to 
receive intake air from the second air flowline; 

the electronically controlled diverter valve having. an 
outlet coupled with an electrically driven compressor 
whereby the electronically controlled diverter valve 
controls the volume and ratio of recirculated exhaust gas 
and intake air supplied to the electrically driven 
compressor; and 

the electrically driven compressor having an outlet 
connected with the intake manifold to supply a mixture of 
recirculated exhaust gas and intake air to the intake 
manifold. 
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2. The system of Claim 1 further comprising a 
continuously regenerating filter trap. 

3. The system of Claim 1 wherein the internal 
combustion engine further comprises a diesel engine. 

4. The system of Claim 1 further comprising: 

a first check valve disposed in a flowline extending 
from the outlet of the electrically driven compressor to 
the intake manifold to allow the mixture of intake air and 
recirculated exhaust gas . to flow in one direction from the 
electrically driven compressor to the intake manifold and 
to block the flow of the mixture of intake air and 
recirculated exhaust gas from the intake manifold to the 
electrically driven compressor; and 

• a second check valve disposed in a flowline extending 
from the compressor of the turbocharger to the intake 
manifold to allow intake air to flow in one direction from 
the compressor of the turbocharger to the intake manifold 
and to block the flow of intake air from the intake 
manifold to the compressor of the turbocharger. 

5. The system of Claim 1 comprising: 

the electrically driven compressor providing boost 
pressure to the intake manifold; and 

the compressor of the turbocharger providing boost 
pressure to the intake manifold. 

6. The system of Claim 1 further comprising the 
electronically controlled diverter valve cooperating with 
the electrically driven compressor to control the flow rate 
of recirculated exhaust gas supplied to the intake manifold 
to maintain N0 X emissions from the internal combustion 
engine below a selected level. 
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7. The system of Claim 1 further comprising: 

an exhaust gas recirculation cooler disposed in the 
exhaust gas recirculation line between the outlet of the 
filter trap and the first inlet of the electronically 
controlled diverter valve; and 

a supply of cooling fluid flowing through the exhaust 
gas recirculation cooler to reduce the temperature of the 
recirculated exhaust gas supplied to the electronically 
controlled diverter valve to improve the efficiency of the 
associated internal combustion engine when operating at low 
speeds . 

8. The system of Claim 1 further comprising the 
electrically driven compressor supplying recirculated 
exhaust gas to the intake manifold when the pressure of the 
exhaust gas* existing from the filter trap is less than the 
intake manifold pressure. 

9. The system of Claim 1 further comprising an 
engine control module which provides a signal to the 
electronically controlled diverter valve to vary the ratio 
of recirculated exhaust gas and intake air supplied to the 
electrically driven compressor in response to the torque 
load and engine speed of the internal combustion engine. 

10. The system bf Claim 1 further comprising an 
engine control module providing a signal to the 
electrically driven compressor to control the volume of 
recirculated exhaust gas and intake air supplied to the 
intake manifold in response to the actual speed of the 
internal combustion engine and the torque load on the 
internal combustion engine. 
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11. An exhaust gas recirculation control and power 
augmentation system for a heavy-duty diesel engine having 
an intake manifold and an exhaust manifold comprising: 

a turbocharger having a compressor for supplying 
intake air to the intake manifold connected with a turbine 
which receives exhaust gas from the exhaust gas manifold to 
operate the compressor; 

the turbine having an outlet coupled with a filter 
trap whereby exhaust gas exiting from the turbine will flow 
through the filter trap to substantially reduce particulate 
matter in the exhaust gas; 

an exhaust gas recirculation line extending from the 
outlet of the filter trap to an electronically controlled 

diverter valve; 

an intake air filter having a first air flowline to 
supply intake air to the compressor of the turbocharger; 

a second air flowline extending from the intake air 
filter to supply intake air to the electronically 
controlled diverter valve; 

the electronically controlled diverter valve having a 
first inlet to receive recirculated exhaust gas from the 
exhaust gas recirculation lirie and a second inlet to 
receive intake air from the second air flowline; 

the electronically controlled diverter valve having an 
outlet coupled with an electrically driven compressor 
whereby the electronically controlled diverter valve 
controls the volume and ratio of recirculated exhaust gas 
and intake air supplied to the electrically driven 
compressor; and 

the electrically driven compressor having an outlet 
connected with the intake manifold to supply a mixture of 
recirculated exhaust gas and intake air to the intake 
manifold. 
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12. The system of Claim 11 further comprising: 

all exhaust gas exiting from the turbine of the 
turbocharger flowing through the filter trap; and 

a. portion of the exhaust gas exiting from the filter 
trap flowing through the exhaust gas recirculation line to 
an exhaust gas recirculation cooler. 

13. The system of Claim 11 further comprising: 

a first check valve disposed in a flowline extending 
from the outlet of the electrically driven compressor to 
the intake manifold to allow the mixture of intake air and 
recirculated exhaust gas to flow in one direction from the 
electrically driven compressor to the intake manifold and 
to block the flow of the mixture of intake air and 
recirculated exhaust gas from the intake manifold to the 
electrically driven compressor; and 

a second check valve disposed in a flowline extending 
from the compressor of the turbocharger to the intake 
manifold to allow intake air to flow in one direction from 
the compressor of the turbocharger to the intake manifold 
and to block the flow of intake air from the intake 
manifold to the compressor of the turbocharger. 

14. The system of Claim 11 further comprising the 
electronically controlled diverter valve cooperating with 
the electrically driven compressor to control the flow rate 
of recirculated exhaust gas supplied to the intake manifold 
to maintain N0 X emissions from the internal combustion 
engine below a selected level. 

15. The system of Claim 11 further comprising the 
electrically driven compressor supplying recirculated 
exhaust gas to the intake manifold when the pressure of the 
exhaust gas existing from the filter trap is less than the 
intake manifold pressure. 
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16. A method for controlling exhaust gas 
recirculation and power augmentation of a diesel engine 

having a turbocharger, an intake manifold and an exhaust 
manifold comprising the steps of: 

supplying intake air to a compressor portion of the 

turbocharger; 

supplying intake air to an electronically controlled 
diverter valve; 

directing exhaust gas from the exhaust gas manifold to 
a turbine portion of the turbocharger; 

filtering exhaust gas exiting from the turbine 
portion of the turbocharger and directing a first portion 
of the filtered exhaust gas to the electronically 
controlled diverter valve; 

mixing the first portion of the filtered exhaust gas 
with the intake air supplied to the electronically 
controlled diverter valve; 

directing the mixture of filtered exhaust gas and 
intake air from the electronically controlled diverter 
valve to an electrically driven compressor; 

discharging the mixture of filtered exhaust gas and 
intake air from the electrically driven compressor to the 
intake manifold; and 

adjusting the ratio of intake air and filtered exhaust 
gas exiting from the electronically controlled diverter 
valve based in part on ; the speed of the engine and desired 
N0 X emission level. 
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17. The method of Claim 16 wherein the step of 
adjusting the ratio of intake air and filtered exhaust gas 
exiting from the electronically controlled diverter valve 
further comprises the steps of: 

5 measuring the engine speed; 

measuring the torque load on the engine; and 
calculating a desired ratio of filtered exhaust gas 
and intake air supplied to the diesel engine. 

18. The method of Claim 16 further comprising the 
steps of: 

discharging the mixture of filtered exhaust gas and 
intake air from the electrically driven compressor through 
a first check valve which allows the "mixture to flow in 
only one direction from the electronically driven 
compressor to the intake manifold; and 

directing intake air discharged from the compressor 
portion of the turbocharger through a second check valve 
which allows the intake air to flow in only one direction 
from the compressor portion of the turbocharger to the 
intake manifold. 

19. The method of Claim 16 further comprising the 
steps of: 

25 measuring the operating * speed of the diesel engine;. 

comparing the operating speed of the diesel engine 
with a peak torque speed associated with the diesel engine; 
and 

supplying intake air from the electronically 
.30 controlled diverter valve to the electrically driven 

compressor when the operating speed of the diesel engine is 
less than the associated peak torque speed. 
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20. The method of Claim 16 further comprising the 
steps of: 

producing a signal representative of the desired NO x 
content in the exhaust gas discharged from the diesel 
engine; 

producing a signal representative of the actual speed 
of the diesel engine; 

producing a signal representative of the actual torque 
load on the diesel engine; 

comparing the signal representative of the desired NO x 
content in the exhaust * gas with the respective signals 
representative of the actual torque load and the actual 
engine speed in an engine control module; and 

producing an output signal from the engine control 
module to control the electronically controlled diverter 
valve and the electrically driven compressor to provide a 
desired mixture of filtered exhaust gas and intake air to 
the intake manifold. 
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